The spatial spread of the highly pathogenic avian influenza virus H5N1 and its long-term persistence in Asia have resulted in avian influenza panzootics and enormous economic losses in the poultry sector. However, an understanding of the regional long-distance transmission and seasonal patterns of the virus is still lacking. In this study, we present a phylogeographic approach to reconstruct the viral migration network. We show that within each wild fowl migratory flyway, the timing of H5N1 outbreaks and viral migrations are closely associated, but little viral transmission was observed between the flyways. The bird migration network is shown to better reflect the observed viral gene sequence data than other networks and contributes to seasonal H5N1 epidemics in local regions and its large-scale transmission along flyways. These findings have potentially far-reaching consequences, improving our understanding of how bird migration drives the periodic reemergence of H5N1 in Asia.
bird migration | HPAI H5N1 | viral migration | network | satellite tracking M igratory birds play important roles in the geographic spread of various zoonotic agents (1) . Among these agents, the avian influenza viruses (AIVs) have been shown to be transmitted over long distances during the seasonal migration of birds (2, 3) . Wild waterfowl, in particular, are considered the natural reservoir of lowpathogenic avian influenza (LPAI) viruses and have been shown to spread LPAI viruses along migratory flyways in Asia, Africa, and the Americas (4-7). However, one of the fundamental unknowns remaining is the role played by wild birds in the regional spread of AIV (8) (9) (10) (11) .
Highly pathogenic avian influenza (HPAI) H5N1 first appeared in Asia in 1996 (12) , and subsequently spread to Europe, the Middle East, and Africa, causing many human casualties and major economic loss in the booming Asian poultry sector. Despite the low transmissibility of HPAI H5N1 from birds to humans and from humans to humans, the high fatality rate reported in humans after the onset of the epidemic and the potential for H5N1 to become pandemic through migratory bird flyways raised serious concerns (13) . The Qinghai lineage of H5N1, in particular, expanded from Qinghai to Eurasia and into the Indian subcontinent and northern and central Africa along migratory flyways. It was also shown experimentally that some species of birds shed the virus before the onset of clinical signs or with no clinical signs (14, 15) . This suggests that the largescale transmission of H5N1 by migratory birds could potentially go undetected. Using satellite telemetry, Gaidet et al. reported that one infected white-faced whistling duck (Dendrocygna viduata) survived HPAI H5N2 infection and was able to migrate for at least 655 km, when tracked with a satellite transmitter for 47 d (16) . Other studies have shown that the direction of the geographic spread of HPAI H5N1 is consistent with the major bird migration routes (17, 18) . A number of studies have also suggested that long-distance migration may lead to immunosuppression in birds and migratory performance is negatively affected by viral infections (19) (20) (21) . However, it should be noted that HPAI H5N1 is rarely reported in living and healthy wild birds (22) (23) (24) .
Recently, HPAI H5N1 clade 2.3.2, the dominant subclade in Asia, was detected in migratory birds during their migration in Mongolia, South Korea, and Japan, and was shown to be associated with wild waterfowl infections (25) (26) (27) . Furthermore, an isolate of HPAI H5N1 from a common buzzard (Buteo buteo) in Bulgaria showed close genetic proximity to clade 2.3.2.1 isolates from wild birds in the Tyva Republic and Mongolia, suggesting
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Highly pathogenic avian influenza virus H5N1 first emerged in Asia and subsequently unfolded into the first avian influenza panzootic, causing major economic losses in the poultry sector. However, we still do not understand the regional long-distance transmission and seasonal patterns of H5N1. In this study, we addressed this issue by combining H5N1 outbreak records, whole-genome sequences of viral samples, and satellite tracking data for four species of migratory birds in Asia. We show that timing of H5N1 outbreaks and viral migration are closely associated with known bird migration routes. The flyway is the major viral transmission barrier to the intracontinental spread of H5N1 by migratory birds in Asia, whereas geographic distances within the flyways have little effect on H5N1 transmission.
that the HPAI H5N1 viruses of clade 2.3.2 have spread westward and pose a public health threat (28) . These numerous studies have directed our attention to the roles played by migratory birds in the spread of HPAI H5N1 viruses in the last decade.
In this study, we constructed networks of bird and viral gene migrations to evaluate the roles of migratory birds in the spread of HPAI H5N1 clades 2.3.2 before 2007, and 2.3.2.1 on and after 2007 (clade 2.3.2 for abbreviation) in Asia. We assembled a unique database of satellite tracking data on wild bird migration patterns, records of HPAI H5N1 outbreaks, and both the viral hemagglutinin (HA) gene and whole-genome nucleotide sequences over the period [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] . The objective of this study was to analyze the association between the networks of bird migration, the networks of viral gene flow, and the timing of HPAI H5N1 outbreaks at different geographic locations.
Results
Bird Migration Routes and Virus Sampling in the Research Regions.
Bird migration routes were acquired from the global positioning system (GPS) tracking data (SI Appendix, Table S1 ) for four bird species: the bar-headed goose (Anser indicus), swan goose (Anser cygnoides), ruddy shelduck (Tadorna ferruginea), and northern pintail (Anas acuta). The swan goose and northern pintail winter in southern China and Southeast Asia (SEA), breed in Mongolia or the northeast Asian region (NEA, including the Republic of Korea and Japan) along the East Asian-Australasian (EA) flyway. The bar-headed goose and ruddy shelduck winter in South Asia (India, Nepal, Bangladesh, and Myanmar) and breed in Qinghai Province or in Mongolia, along the Central Asian (CA) flyway (Fig. 1A) .
HPAI H5N1 outbreaks were geocoded along both the EA and CA flyways (Fig. 1B) and time series, corresponding to the monthly number of HPAI H5N1 outbreaks, were generated in each country or province of China. A wavelet time series analysis between locations revealed that the outbreak lags varied along the flyways (Fig. 2 and SI Appendix, Figs. S1 and S2).
A phylogenetic analysis showed that HPAI H5N1 clades 2.3.2 was structured into two distinct subgroups, corresponding to the CA flyway and EA flyway (Fig. 1C) . The viruses isolated from Northeast Asia, southern China, and Southeast Asia showed close genetic proximity. Similarly, viral samples from Qinghai Lake, South Asia, and Mongolia, showed significant genetic proximity. In particular, isolates from Mongolia showed genetic associations with both subgroups, which is attributable to the intersection of these flyways in this region.
Timing of H5N1 Outbreaks and Bird Migration Patterns. The outbreaks of HPAI H5N1 in Asia showed a seasonal pattern, but the timing of the outbreaks was highly variable at the country level (or province level in China) across the different flyways. A strong positive correlation was observed between the annual epidemic lag and the average flight time between successive locations along the flyways ( Fig. 2A) (R = 0.70, P < 0.01 for the CA flyway and R = 0.78, P < 0.01 for the EA flyway). Epidemic velocity and bird migration speed (expressed in kilometers per month) were positively associated, indicating that they share similar spatiotemporal patterns along the CA and EA flyways ( Fig. 2 B and C) . However, a notable exception was observed for Japan and Hong Kong. Faster migration was associated with a faster-spreading epidemic wave. The overall epidemic velocity and migration speed were 1344.79 km/mo (832.04 km/mo when Japan and Hong Kong were excluded) and 789.64 km/mo, respectively, along the EA flyway, and 607.26 and 573.19 km/mo, respectively, along the CA flyway. Epidemic lag and flight duration were not significantly associated with the spatial distance (SI Appendix, Fig. S3 ), indicating that the relationship between the annual epidemic lag and bird migration along the flyways was not attributable to their underlying correlation with spatial distance.
Viral Migration Through Regions Along Flyways. To investigate the association between viral spread and bird migration, a phylogenetic tree of clades 2.3.2 of HPAI H5N1 was constructed based on the sequences of the viral HA gene. The viruses showed genetic proximity with similar isolation time and geographic region, whereas the viruses isolated from geographically distinct regions along one flyway were frequently mixed and no single location seeded every annual epidemic at other locations (Fig. 1C) . This observation could result from a scenario in which ancestor viruses were carried by migratory birds and were thus spread to and burst in local regions along the flyway.
To validate whether viral migration in the study regions was associated with bird migrations, we estimated the rates of viral migration across the six regions (Qinghai Lake, South Asia, Mongolia, Southeast Asia, Northeast Asia, and southern China; Fig. 1C ) using Bayesian stochastic search variable selection (BSSVS). Evidence of viral migration (i.e., differences in the internal viral genome segments) was observed in these regions (Table 1 and SI Appendix, Fig. S5 ). When we repeated the BSSVS with larger prior means to determine the number of nonzero rates, the significant nonzero migration rates remained unchanged (SI Appendix, Table S5 ).
The viral migration network was jointly estimated from all eight viral gene segments in a single analysis (Fig. 3A) . It was insensitive to the sample sizes in the main migration paths (SI Appendix, Table S8 ). The gene flow structures were similar to the bird migration network (Fig. 3B) , for the gene flow between South Asia, Qinghai, and Mongolia (the CA flyway) and for the gene flow through southern China, Mongolia, Japan, and the Republic of Korea (the EA flyway). The EA-1 and EA-2 flyways were defined by the migration routes. EA-1 started at Hong Kong and progressed through southern China, the Republic of Korea, and Japan. EA-2 started at Poyang Lake and progressed through southern China, the Republic of Korea, and Mongolia. The linkage between southern China and Japan-Korea was not strongly supported by the Bayes factor (BF), perhaps because there were gaps in the viral sampling in these two areas. Most of the isolates from southern China were clustered in 2003-2008, whereas the samples from Japan-Korea were clustered in 2009-2011. The migration rates were higher within the flyways than between the flyways (two tailed t tests, P < 0.01; SI Appendix, Fig. S6 ). The flyways yielded largely congruent results, and the level of gene flow within a flyway was usually higher than that between flyways (3).
Coincidence Between Viral Transmission and Bird Migration Networks.
The network of HPAI H5N1 gene flow in Asia was build based on a phylogenetic analysis (Fig. 4) . Using randomization tests, we showed that the observed gene flow was best explained using a flyway-based random network (FRN), either within the CA or the EA flyway, rather than by a purely random network (RN) including all geographic locations ( Fig. 5A and Table 2 ). The significance of this result was assessed with a two-tailed t test (P < 0.01). These results reject the hypothesis of random mixing between flyways and suggest that migratory flyways act as a major barrier to the intracontinental spread of HPAI H5N1. Within each FRN, 1,000 random networks were created and compared with the network of bird migrations to reveal potential alternative transmission routes that might better explain the observed gene flow. The results of this analysis showed that the bird migration network best explained the pattern of gene flow in both the EA and CA flyways (Fig. 5B , Table 2 , and SI Appendix, Fig. S7 ). For example, the trajectory Nepal-Qinghai-Mongolia-Bangladesh-India is a likely network for the CA flyway and is consistent with the observed bird migration pattern. The bird migrations were more complex in the EA flyway, and two different flyways were identified: the EA-1 flyway, Hong Kong-Guangdong-Shantou Special Economic ZoneZhejiang-Republic of Korea-Eastern Siberia-Japan; and the EA-2 flyway, Poyang Lake-Hubei, Hunan-Mongolia-Republic of Korea. Both networks are consistent with the observed migration networks and also showed a good fit with the gene flow in the EA flyway (Fig. 5B, Table 2 , and SI Appendix, Fig. S7) .
Finally, the inclusion of bird migration histories (Fig. 4B ) in the migration networks outperformed the measurement of genetic and spatial divergences when viral migration histories were not considered (Table 2 and SI Appendix, Fig. S8 ). This was not unexpected because spatial distance measurements that ignore the history of viral migration may fail to reveal the underlying spatial-genetic pattern. In particular, the cycle of bird migrations best described the viral gene flow, and geographic distance had little effect on viral transmission along the flyway. This suggests that spatial distance is not a major ecological barrier to gene transfer within a flyway. Our network analysis consistently demonstrated that migratory birds and HPAI H5N1 share the same migration network, and that the virus could have evolved and spread along the bird migratory pathways in Asia. A randomization analysis of subsets of isolates throughout the FRN analysis revealed weak correlation between the number of isolates per locality and the spatial-genetic coefficient (SI Appendix, Fig. S9 ).
Discussion
Our study provides unique insight into the association between viral transmission networks, bird migration networks, and the timing of H5N1 outbreaks in Asia. Our results showed that in the period 2003-2012, the regular migration of the HPAI H5N1 virus occurred between migratory avian flyways and that bird migrations coincided with the peaks of HPAI H5N1 epidemics. This suggests that the annual epidemic lags for H5N1 outbreaks are associated with bird migrations along these flyways. The robustness of our findings on the gene flow dynamics of HPAI H5N1 was tested against 1,000 artificially generated random networks. The network analysis performed in this study indicated that the spread of clades 2.3.2 of HPAI H5N1 probably shared the same geographic pattern as the network of bird migrations.
Dozens of studies have discussed the spatiotemporal distribution of H5N1 and the potential effect of covariates on the distribution of its epidemics (29, 30) . In this study, we have shown with a wavelet analysis that the temporal lags between epidemics are associated with the flight duration between successive locations along flyways. Our results further support a strong correlation between bird migration speed and epidemic velocity (Fig. 2) . We combined satellite tracking data with a phylogenetic analysis to study the spatiotemporal spread of HPAI H5N1 across Asia. We have demonstrated how migration history can be associated with genetic distance and how transmission networks can be inferred from genetic information using a statistical framework. Our analyses demonstrate that the spread of HPAI H5N1 correlates with bird migration networks. Four bird vector species for H5N1 were used to analyze the bird migration patterns and represented the major flyways in Asia well. We observed that the contribution of each bird species to the gene flow network was generally consistent with the migration pattern of each species: northern pintail (A. acuta) along the EA-1 flyway, swan goose (A. cygnoides) along the EA-2 flyway, bar-headed goose (A. indicus), and ruddy shelduck (T. ferruginea) along the CA flyway. The viral samples used in this study were recovered from most Asian countries in which HPAI H5N1 has been circulating throughout the last decade (31, 32) . Because isolates from wild birds constituted a large proportion of the total samples, these viral samples provide a good opportunity to estimate the relationship between the transmission patterns of HPAI H5N1 and bird flyways (SI Appendix, Fig. S10 ).
Several important limitations of the present analysis should be noted. First, satellite tracking data on wild bird migrations were not available for some areas located along the flyways, in particular in Southeast Asia, where H5N1 is known to be endemic. Second, the birds' behavior and migration routes might have been affected by the solar-powered GPS trackers. Third, all of the isolates from clades 2.3.2 from Southeast Asia and Yunnan, Guangxi, and Guizhou Provinces in China were taken from poultry samples (SI Appendix, Fig. S10 ) and showed a close genetic association, so they were excluded from the analysis. Fourth, information on the sampling locations of the isolates from Mongolia was unavailable, and the potential habitats of the birds were scattered across different locations in the country (Fig. 1A) . Finally, no gene reassortment was considered in the analysis. Gene reassortment may influence the evolutionary rate of the virus and therefore affect the performance of our models. Furthermore, the rates of sequence evolution were insensitive to coalescent models among the branches of the clade 2.3.2 viruses (SI Appendix, Table S6 ). Future surveillance efforts should include more frequent and geographically extensive sampling of HPAI H5N1 to improve our knowledge of the association between the spread of the H5N1 virus and bird migration (33) .
It has been suggested that the poultry trade, illegal bird trade, and wild bird smuggling may play important roles in the global dispersal of H5N1 (34) (35) (36) . Therefore, bird migration networks may not be the only route by which H5N1 is transmitted (17) . As shown in SI Appendix, Fig. S11 , the isolates from wild birds constituted only 20% of the samples isolated along the Asia flyways (SI Appendix, Table S7 ), and the bird migration network was not the optimal network explaining the patterns of gene flow for all clades. Therefore, we infer that the bird migration network may not be the main route of dispersal for all of the clades, but is one of several underlying transmission networks. Moreover, although some of the H5N1 viruses were isolated from wild birds, their presence may have been the immediate result of a previous outbreak in poultry, and vice versa. This bias is inevitable because of the current sampling strategy. In our analysis, we considered isolates from poultry and from H5N1 outbreaks in poultry based on the most reasonable assumption. However, to address the uncertainties in the model, we require a better surveillance strategy in future studies.
Our results indicate that the transmission of HPAI H5N1 is strongly associated with bird migrations. This calls for increased collaboration between the countries located along the same flyways. Based on the complex dynamics of viral transmission identified in this study, we suggest that future efforts to control HPAI H5N1 should not only include regional surveillance, but that flyway-based strategies should be implemented, involving all of the countries affected by potential HPAI H5N1 outbreaks. A similar effort is also required to coordinate preventive and interventional strategies, to improve vaccination and prevent nonuniform vaccination policies, which could result in the silent spread of the virus. Vaccination is a key component in the control of HPAI H5N1 in China, Vietnam, and Egypt. However, it seems that such strategies produce unpredictable results (37, 38) . Both the evolutionary rates of the virus and the number of positively selected sites were higher in virus populations in countries using an avian influenza vaccine for H5N1 (39) . Furthermore, the H5N1 virus can replicate in clinically healthy vaccinated birds (37) . Therefore, it is likely that the selection pressure resulting from vaccination influences the viral ecology in countries located along the migratory flyways.
Materials and Methods
Data Collection. The HPAI H5N1 outbreak data were obtained from the Food and Agriculture Organization of the United Nations and the World Organization for Animal Health. The information included the dates and locations of outbreaks, and the host species. The records from both sources were combined and all duplicate reports were removed. Our database contains information on 17,250 independent outbreaks, collected between December 2003 and April 2012 in Asia. Although this dataset contains the most comprehensive outbreak records available, some outbreaks may have gone unreported because a passive surveillance system was used.
The satellite tracking data on wild bird migrations along the EA flyways and CA flyway were collected by the United States Geological Survey. There are four stages in the annual cycles of migratory birds: nonbreeding, spring migration breeding, postbreeding, and autumn migration. The annual cycles are reflected in the time series data. We selected four species of birds as representative of the migrations that occur in the study area: the northern pintail (A. acuta), swan goose (A. cygnoides), ruddy shelduck (T. ferruginea), and bar-headed goose (A. indicus) (SI Appendix, Table S1 ). This choice was based on the population abundances in the study area, the type of clinical symptoms displayed when infected with the HPAI H5N1 virus, and the birds' virus shedding capacities (14, 40, 41) . The arrival dates, departure dates, and flight durations between locations were extracted from the GPS tracking data for each bird species (provided in SI Appendix, Table S3 ).
The nucleotide sequences of HPAI H5N1 were obtained from the GenBank database, hosted by the National Center for Biotechnology Information, on October 31, 2012 (42) . All segments were aligned using the default settings in MUSCLE v3.5 (43) . The dataset sizes were as follows: HA, n = 2,379 (alignment length of 1,656 nucleotides); NA, n = 196 (1,410 nt); PB2, n = 196 sequences (2,277 nt); PB1, n = 194 (2,271 nt); PA, n = 196 (2,148 nt); NP, n = 196 (1,494 nt); MP, n = 200 (982 nt); and NS, n = 196 (838 nt). The 142 H5N1 sequences were combined with the nucleotide sequences (excluding partial sequences <70% of the full-length sequence) of all influenza A viruses available in GenBank. The final numbers of sequences of the H5N1 viruses for the EA flyways and CA flyway are given in SI Appendix, Table S2 .
Each H5N1 sequence was assigned a geographic area according to its province/country of isolation (SI Appendix, Tables S3 and S4 ). The spatial distance between each pair of countries/provinces was calculated from the latitude and longitude of each state/province center. We collected and analyzed 297 sequences of viruses from clades 2.3.2 that were isolated in 2003-2012 (Fig. 1B) in these regions (Fig. 1C) , including China (n = 120), Bangladesh (n = 15), India (n = 7), Japan (n = 41), Laos (n = 6), Mongolia (n = 21), Nepal (n = 10), the Republic of Korea (n = 39), and Vietnam (n = 38). The sequences from China were categorized according to locations (Fig. 1B) .
Phylogenetic Analysis. Neighbor-joining trees of the H5N1 HA sequences were constructed using a GTR + I + Γ 4 model in PAUP v4.0b10 (44) . The best nucleotide substitution model was selected with the Akaike information criterion and a hierarchical likelihood ratio test in ModelTest (45, 46) . To assess the robustness of the tree topology, a set of 100 pseudoreplicates was generated and used in bootstrap analyses with the maximum likelihood (ML) method implemented in PHYML (47) and the neighbor-joining method implemented in PAUP v4.0b10. These trees were highly congruent to those produced with PAUP above. The sequences associated with clades 2.3.2 were included in our analyses (SI Appendix, Table S2 ).
Estimates of Viral Migration Through Discrete Geographic Regions. We used a nonreversible continuous-time Markov chain model to estimate the migration rates between regions along flyways and the general patterns of regional circulation of the H5N1 virus. This analysis was restricted to the six geographic regions identified above. In this analysis, the constant size, exponential growth, and Bayesian skyline coalescent prior were used with a strict and uncorrelated lognormal relaxed molecular clock, and a general time-reversible (GTR) nucleotide substitution model in BEAST v2.1 (48) . The performance of each combination was compared using BFs (SI Appendix, Table S6 ) (49) . We performed three independent analyses of 50-100 million generations. These analyses were combined after the removal of an appropriate burn-in (10-20% of the samples in most cases), with 5,000 generations sampled from each run for a total of 15,000 trees and parameter estimates.
BSSVS was used to infer the phylogeographic diffusion processes under a parsimonious scenario (50) . BSSVS searches for the transition rates that are zero, depending on the evidence in the data, and efficiently infers the ancestral locations (51) . For the BSSVS, we assumed a Poisson prior, which assigns a 50% prior probability to the minimal rate configuration. A mean Poisson prior of 0.693 was used in this analysis (50, 52) . The binary indicator (I) and BF were used to explore the state space. If the rate is zero, it is impossible to directly diffuse from one location to another. The BF test was used to determine which diffusion links were statistically significant based on the standard BSSVS protocol (49) .
The supported state transitions of gene segments were recovered from the independent Bayesian analyses, which indicated the potential persistence of a virus in a metapopulation mixing between geographic regions. The viral migration network was jointly estimated from all eight gene datasets in a single analysis even though the taxon number for each gene dataset was not identical (53) . Within-flyway rate estimates were compared with betweenflyway rate estimates to measure the viral diffusion patterns. To investigate any possible bias arising from the uneven sample sizes at each location, we performed a sensitivity test using increasingly larger random subsets of isolates (from 50%, 60%, 70%, and 80-90% of the original dataset) throughout the BSSVS procedure, with 50 replicates for each gene (SI Appendix, Table S8 ).
Network Analyses to Determine Viral Gene Flow and Migration. Under the assumption that viruses circulate across a fixed network with a mutation ratedrawn from an underlying normal distribution (estimated with BEAST), then the spatial distance measured in the migration history could reflect the genetic distance between all possible pairs of viral samples in the network. Also, the differences in sampling times among the same or distinct localities can be transformed into the number of viral spread cycles within the network (SI Appendix, SI Materials and Methods, and Eq. S3). The GTR + I + Γ 4 substitution model was used to estimate the pairwise genetic distances between sequences, and the possibly underestimated migration distances of the ancestral virus were identified and were not included (SI Appendix, SI Materials and Methods, and Fig. S12 ). RN, random network; FRN, flyway random network; EA, East AsianAustralasian flyways; EA-1, the migration started at Hong Kong; EA-2, the migration started at Poyang Lake; CA, Central Asian flyways; RCN, randomly categorized network; BN, bird migration network. Migration history, measuring spatial distance with or without migration history. R is the spatial-genetic correlation coefficient, mean is the average R value, and SD is the SD of 1,000 random networks. *Randomization tests, virus transmission was assumed to follow a random network. † Migration network tests, virus transmission was assumed to follow the bird migration network. ‡ Migration history tests, virus transmission was assumed without migration history (Fig. 4C ), but the cycle length of network was included.
Phylogeographic models were constructed to determine the extent of the viral gene flow that was influenced by bird migration and to explore the ML transmission network, based on the assumption that the data arise from an underlying migration process along an unobserved network. Our model can be described as follows: (i) A thousand RN models incorporate all of the sampling locations in a homogenous network. FRN models incorporate all of the locations within an existing flyway, either CA or EA, according to their sampling locations. All of the scenarios of viral migration between flyways, including the east-west migration paths between Mongolia and northeast Asia, and Qinghai and southern China are considered to display viral migration between the EA and CA flyways, due to the fact that the flyways intersect in this region. Randomly categorized networks (RCNs), incorporate localities that were randomly categorized into any of the flyways, regardless of their actual sampling locations, but corresponding to the number of locations along the EA and CA flyways. (ii) Random networks were created to find the best-fitting network for each flyway, which best explained the pattern of gene flow, and then compared with the bird migration network. A total of 1,000 RNs were created in each flyway, as for the FRN and RCN model, but the EA flyway was divided into the EA-1 flyway (starting at Hong Kong) and EA-2 flyway (starting at Poyang Lake). The spatial distances were considered as the routines of bird migration within flyway (Fig. 4A) . (iii) Spatial distances, using direct measurements (simple measurements of spatial distances between strains in which the viral migration history was not considered) or measurements with the migration history (the spatial distance traveled by the viral ancestors is summed), were compared between geographic locations in the FRN model. All networks were one directional and each node was passed only once.
